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The distance that separates ab protomers of the Na1,K1-ATPase in
microsomes and in purified membranes prepared from duck nasal
salt glands was estimated by measuring fluorescence resonance
energy transfer between anthroylouabain bound to a population
of ab protomers and either N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl]-
6-aminohexyl ouabain or 5-(and-6)-carboxyfluorescein-6-amin-
ohexyl ouabain bound to the rest. Energy transfer between probes
bound in the microsomal preparation was less than in the purified
membranes. The efficiency of energy transfer between anthroyl-
ouabain and N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl]-6-aminohexyl
ouabain was 29.2% in the microsomes compared with 62.6% in the
purified preparation. Similar results were obtained with 5-(and-
6)-carboxyfluorescein-6-aminohexyl ouabain as acceptor. We cal-
culate that either the protomer bound probes were on the average
13 Å farther apart in the microsomes than in the purified mem-
branes, or that 53% of the protomers are monomeric in the
microsome preparation. Microsomes prepared in the presence of
phalloidin (a toxin that binds to F actin and stabilizes the actin-
based cytoskeleton) showed less quench than those prepared in its
absence. The data support the hypothesis that protomers are kept
apart by their association with the cytoskeleton. The turnover rate
while hydrolyzing ATP is the same in the microsomal and purified
preparations; higher oligomer formation has no significant effect
on the enzyme reaction mechanism.

Na1,K1-ATPase (adenosine triphosphatase, 3.6.1.3) is the
biochemical manifestation of the Na1,K1 pump, which

maintains gradients of Na1 and K1 across cell membranes. Its
basic structural unit is an ab heterodimer consisting of an a
chain that contains the functionally important ion binding sites,
the nucleotide binding site, the phosphorylation site, a ouabain
binding site, and a b chain of uncertain function. Although there
is abundant evidence that monomeric ab protomers derived
from Na1,K1-ATPase solubilized by detergents are able to carry
out all the functions of the enzyme (1–5), models of the reaction
mechanism that require protein interaction within a dimer
remain popular (5). Much of this popularity is accounted for by
evidence derived from chemical and physical methods applied to
membrane particles enriched in Na1,K1 ATPase. These studies
for the most part are interpreted as indicating that pumps are
close enough in these preparations to form dimers.

Electron micrographs of purified membrane preparations that
reveal ab protomers arranged in closely packed clumps and
strands with large empty areas of membrane between them have
been published frequently (6), and the arrangement is illustrated
in Fig. 1. There is no apparent order in the clumps or strands.
Pump density in a purified preparation was reported as 12,000
mm22, and the minimum distance between particle centers was
found to be close to 5 nm (7), about the diameter of an ab
protomer. Measurements such as cross-linking, radiation inac-
tivation, and fluorescence resonance energy transfer (FRET)
confirm that ab protomers are close together in such prepara-
tions, but provide no information about whether they are
structural dimers or ab protomers in casual contact in a crowded
environment.

Microsomes from nasal glands of salt-adapted ducks have a
pump density of 3,400 mm22 (8) so that, if they were randomly
distributed in the membrane, they would be separated by an
average distance of about 19 nm. However, if they are free to
diffuse in the cell membrane, rough calculation from the esti-
mate (5 3 105 M21–1.1 3 107 M21) of the KA for self-association
of a chains in detergent solutions (5) leads to the conclusion that
ab protomers must be aggregated in microsomes just as they are
in purified membrane preparations. But, ab protomers cannot
diffuse freely; diffusion is limited by their association with the
actin-based cytoskeleton (9). In endothelial cells, a chains bind
to ankyrin by means of a high-affinity ankyrin binding site, and
ankyrin in turn binds to the actin-based cytoskeleton (10). The
fraction of a chains that self-associate should be a function of the
concentration of a chains, the concentration of ankyrin, the KA

for self-association of a chains, and the KA for the association of
a chains with ankyrin:

aa ¢O¡

KA aa
2

a 1 a 1 ankyrin ¢O¡

KA a ankyrin
2

a ankyrin.

Because KA for a self-association, given above (5), is lower than
KA for association of a with ankyrin (108 M21; ref. 11), the
fraction of a chains that self-associate will be determined largely
by the relative amounts of a chains and ankyrin molecules.

The rationale for our experiments can be developed with the
help of Fig. 2. In endothelial cells most ab protomers are
attached to the cytoskeleton, and only unattached protomers are
free to self-associate. In purified membrane preparations, the
cytoskeleton is completely removed and all ab protomers are
free to diffuse so that all self-associate. In microsomes, the
cytoskeleton has been disrupted by homogenization of the gland,
so that only a fraction of the ab protomers are restricted from
diffusing, and therefore the fraction of nonaggregated pro-
tomers should be intermediate between that in the purified
membranes and that in the intact microsomes. We also per-
formed some homogenizations in the presence of the mushroom
toxin phalloidin, which binds to F actin and stabilizes actin filaments
(12), in the hope that the cytoskeleton of the microsomes so formed
would be somewhat protected against disaggregation.
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We measured the distance between ab protomers by measur-
ing FRET between a subset of protomers labeled with anthroy-
louabain (AO) (13) and the remainder of the protomers labeled
with N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl]-6-aminohexyl
ouabain (NBDO) or 5-(and-6)-carboxyf luorescein-6-amin-
ohexyl ouabain (FO). We found that the signal from AO was
quenched less in the microsomes than in the purified mem-
branes, and less in the microsomes prepared with phalloidin than
in those prepared without it. In all groups, the turnover rate of
the enzyme while hydrolyzing ATP was identical.

Experimental Procedures
Materials. Reagents. AO was purchased from Sigma. Phalloidin
was purchased from Molecular Probes. All other reagents were
the highest grade available.

Synthesis of ouabain derivatives. FO and NBDO were synthe-
sized by the Chemical Synthesis Center at the State University
of New York at Stony Brook. All reagents were from Sigma or
Molecular Probes and were used without further purification.
Pyridine was dried by refluxing over and then distilling from
calcium hydride. Fluorescein and nitrobenz-2-oxa-1,3-diazol-4-yl
(NBD) groups were covalently linked to ouabain by using a
common intermediate that had a short amino terminated six-
carbon chain attached to the rhamnose sugar hydroxyl groups.

N-carbobenzyloxy (CBZ) 6-aminohexanoic acid was con-
verted to the acid chloride by using a 2-fold excess of oxalyl
chloride in methylene chloride at room temperature (14).
Ouabain was reacted with the acid chloride (1.2 mol equivalent)
in pyridine at room temperature in the dark for 5 days. Reaction
occurred primarily at the 2- and 3-hydroxyl groups of the
rhamnose to form the ester. The crude material was purified by
column chromatography on silica gel. No attempt was made to
separate the two isomeric esters. The CBZ-protecting group was
removed by catalytic hydrogenolysis at room temperature by
using 5% PdyC in ethanol and a hydrogen pressure of 45 psi.
Under these conditions the unsaturated lactone is unaffected
(15). The 6-aminohexyl ouabain (1 mol equivalent) was reacted
with 1 mole equivalent of either 5(6)-carboxyfluorescein or NBD
chloride in dimethylformamide to yield the fluorescent deriva-
tives that were purified by preparative TLC on silica gel.
Structures were confirmed by 1H- and 13C-NMR.

Na1,K1-ATPase preparations. Microsomes and purified
Na1,K1-ATPase were prepared from nasal salt glands of salt-

Fig. 1. Electron micrograph of purified Na1,K1-ATPase preparation. A Na1,K1-ATPase preparation suspended in Tris, pH 7.5 buffer was adhered to a
formvar-coated copper grid, negatively stained with 1% uranyl acetate and viewed under an 80 KV beam at 3200,000 magnification. Na1,K1-ATPase molecules
in this negatively stained preparation appear as white dots. (Scale bar 5 0.1 mm.)

Fig. 2. Model of the interaction of Na1 pumps and cytoskeleton in different
membrane preparations.
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adapted ducks as described (16). Phalloidin-treated microsomes
were prepared by conducting all steps of microsome preparation
and isolation in the presence of 1 mm phalloidin.

Methods. P-nitrophenyl phophastase (PNPPase) activity. PNPPase
activity was measured at 37°C in assay media containing 5 mM
EGTA, 40 mM KCl, 5 mM MgCl2, 10 mM p-nitrophenyl
phosphate, and 10 mM TriszHCl, pH 7.5. The reaction was
initiated by adding Na1,K1-ATPase (usually at 1 mgyml) to a
temperature-equilibrated cuvette, and the change in absorbance
at 410 nm was recorded with time by using a Hewlett–Packard
8452A diode array spectrophotometer.

ATPase activity, phosphorylation, and turnover rate. Na1,K1-
ATPase activity, phosphorylation from 32Pi, and calculation of
ATP hydrolysis turnover rate were determined as described (16).

FRET. Free AO in solution has an excitation maximum of about
363 nm. AO when bound to the Na1,K1-ATPase can be excited
at 290 nm by energy transfer from tryptophan that produces a
substantially higher emission compared with excitation at 363
nm (13). By exciting at 290 nm, background emission from
nonspecifically associated or free AO is substantially reduced,
and the resultant emission at 470 nm increases proportionally
above background with increasing occupancy of ouabain sites by
AO. Briefly, the energy transfer was measured as follows. AO
(fluorescent donor) was bound to Na1,K1-ATPase at low levels
such that 20–35% of the ouabain binding sites were occupied.
Subsequently, the remaining ouabain binding sites were occu-
pied with saturating concentrations of NBDO (or FO), which
served as the fluorescent acceptor. The quench of the AO
emission after the binding of acceptor was used to calculate the
energy transfer between donor and acceptor fluorophores.

The above scheme was executed by measuring the fluores-
cence of a series of six incubation conditions conducted in
parallel. The experimental design is summarized in Table 1 and
given in detail below. The final conditions were obtained after
three stages of incubation. The common medium for all incu-
bations was 5 mM MgCl2, 10 mM Tris-phosphate, and 10 mM
TriszHCl, pH 7.5. During the first stage, ATPase (1 mgyml
purified ATPase or 3.5 mgyml microsomes) was incubated under
three conditions: condition A 5 70 mM ouabain (saturating);
condition B 5 70 mM AO (saturating); condition C produced the
subsaturating AO occupancy of ouabain binding sites (20–35%).
Because of the relatively high ATPase concentration (.6 mM),
the subsaturating AO concentration had to be determined
empirically and varied between ATPase preparations, but gen-
erally ranged from 0.25 to 0.75 mM. The first stage was incubated
30 min at room temperature. During the second stage, the
incubation conditions A, B, and C were used to establish the six
final conditions: condition 1 5 condition A 1 an equal volume
of 70 mM AO; condition 2 5 condition A 1 an equal volume of

AO at the subsaturating concentration used in condition C;
condition 3 5 condition B diluted in ice-cold common media to
yield the final dilution described below and transferred to an ice
bath; condition 4 5 condition C 1 an equal volume of 70 mM
ouabain; condition 5 5 condition C 1 an equal volume of 70 mM
NBDO (or FO); condition 6 5 condition C 1 an equal volume
of 70 mM ouabain. Conditions 1, 2, 4, and 5 were incubated 20
min at room temperature. Condition 6 was incubated 10 min at
room temperature and then received the same moles of NBDO
(or FO) as condition 5 followed by 10 min at room temperature.
Control studies demonstrated that lengthier incubations for
condition 6 were unnecessary. During the third stage, conditions
1, 2, 4, 5, and 6 were diluted in ice-cold common media and were
transferred to an ice bath. This final step resulted in a 70-fold
dilution of all ATPase, ouabain, and ouabain derivatives such
that the concentration of all free fluorophores was # 1 mM and
ATPase concentration was # 0.1 mM. Studies involving phal-
loidin-treated microsomes maintained a phalloidin concentra-
tion of 1 mM at all stages of the procedure. The fluorescent
emissions of the resultant incubates were recorded by using an
Aminco SPF-500 Spectrofluorometer set at an excitation wave-
length of 290 nm, bandpass 10 nm and an emission wavelength
of 470 nm, bandpass 10 nm. The cuvette holder was cooled to
2°C, and the sample compartment was purged with dry N2.
During each experimental set-up the six final conditions were
formed in quadruplicate and the mean and SD were determined.
These experiments required extreme care because, generally
speaking, experiments in which the SD was . 7% of the mean
of the quadruplicates yielded unacceptable results.

The levels of AO binding and fluorescence from bound AO
were determined from the mean fluorescent emissions of the
quadruplicates as follows:

Total AO bound (FT) 5 condition 3 2 condition 1;
Subsaturating AO bound 5 f luorescence of donor (FD) 5

condition 4 2 condition 2;
Fluorescence of donor after addition of acceptor (FDA9) 5

condition 5 2 condition 2;
Fluorescence decrease because of nonspecific quench

(FNSQ) 5 condition 4 2 condition 6.
The results of the above determinations then were used to

calculate the FRET as follows:
Fraction of ouabain sites occupied by AO (FB) 5 FDyFT;
Apparent fluorescence of donor after energy transfer to

acceptor (FDA0) 5 FDA9 1 FNSQ;
Apparent relative fluorescence ratio 5 FDA0yFD.
Control studies indicated that the value of FB agreed well with

the fractional level of inhibition of PNPPase activity induced by
the subsaturating AO.

We used a dimer model as the minimal structural unit that
would permit energy transfer between a subunits. Accordingly,
at any level of fractional occupancy of ouabain sites by AO, some
dimers would have both ouabain binding sites occupied by AO
and therefore no energy transfer would occur in those dimers
after addition of acceptor. The observed reduction in fluores-
cence after addition of acceptor results from energy transfer
within those dimers, which initially had one ouabain site occu-
pied with AO, and had the other occupied with acceptor during
stage 2 of the above incubations. To complete the FRET
calculation, we determined the quench resulting in the dimers
that bound one AO and one acceptor (NBDO or FO). If binding
of AO is equally probable for all available ouabain binding sites,
the fraction of assumed a-a dimers that have only one ouabain
binding site occupied by AO can be calculated by use of the
binomial theorem. In a population of N dimers, there will be
FBz2N molecules of AO bound at a fractional occupancy of FB.
The number of AO molecules bound to both sites of individual
dimers (i.e., unquenchable) will be (FB)2z2N. The fraction of
bound AO that is unquenchable is therefore equal to (FB)2z2Ny

Table 1. Experimental design

Condition Sequential addition of reactants

1 ATPase 1 Sat [O] 1 Sat [AO]
2 ATPase 1 Sat [O] 1 SubSat [AO]
3 ATPase 1 Sat [AO]
4 ATPase 1 SubSat [AO] 1 Sat [O]
5 ATPase 1 SubSat [AO] 1 Sat [NBDO]
6 ATPase 1 SubSat [AO] 1 Sat [O] 1 Sat [NBDO]

Reactants were added sequentially and incubated at room temperature
after each addition. ATPase was incubated with the first reactants for 30 min.
The next incubations with ouabain and derivatives were for 20 min. After the
final incubation the incubates were diluted in ice-cold common buffer and
kept on ice until read in a spectrofluorometer. Sat 5 saturating; SubSat 5
sub-saturating. Experiments involving FO substituted FO for NBDO. See Meth-
ods for details.
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FBz2N 5 FB. The fraction of bound AO that is quenchable is
(12FB). The measured donor fluorescence before quench (FD)
can be defined as:

FD 5 FDD 1 FD2,

where FDD is the fluorescence from the unquenchable dimers
and FD2 is the fluorescence from the quenchable dimers. We
determined above that FDD 5 FBzFD and FD2 5 (12FB)zFD. The
fluorescence measured after adding the acceptor (FDA99) can be
defined as:

FDA99 5 FDD 1 FDA,

where FDA is the fluorescence from the quenched dimers with
bound donor and acceptor. A simple calculation is then sufficient
to determine what value of FDA from the quenchable units would
give rise to the observed apparent FDA99. Rearrangement and
substitution of the equations involved gives rise to the following
expression to determine the fluorescence ratio of quenchable
bound AO (FDAyFD2):

FDAyFD2 5 [(FDA99yFD) 2 FB]y(1 2 FB).

The energy transfer efficiency (E), which is the quench caused
by FRET, can then be calculated:

E 5 1 2 (FDAyFD2).

The distance between probes can be calculated by using the
Förster relationship (17)

E 5 R0
6yR0

6 1 r6,

where Ro is the Förster distance (the distance for 50% transfer
efficiency) for a particular donor-acceptor pair and r is the
distance between probes.

The level of nonspecific quench (FNSQ) varied between prep-
arations. Nonspecific quench using NBDO as acceptor was
minimal with purified Na1,K1-ATPase resulting in FDA9yFDA99
$ 0.9. Nonspecific quench was greater and more variable with
microsomal preparations where FDA9yFDA99 ' 0.81 6 0.09.
When FO was the acceptor, nonspecific quench was somewhat
higher and more variable with the microsomal preparations,
FDA9yFDA99 ' 0.75 6 0.17. Correction for nonspecific quench did
not qualitatively change the results of the study, but it did
improve the precision of the data.

Results
The high pump density of the microsomes prepared from
salt-adapted ducks allowed us to obtain a sufficiently strong
signal to permit good data reproduction. Attempts to use
microsomes prepared from nonsalt-adapted ducks or mem-
branes from duck red blood cells resulted in an unsatisfactory
signalynoise ratio, which we assume reflects the lower pump
densities in those preparations.

Each of the probes used in this study had a different effective
affinity for the ouabain binding site. Fig. 3 shows K-dependent
PNPPase activity of purified Na1,K1-ATPase as a function of
the concentration of the ouabain derivatives. The order of
affinity for the probes was ouabain.AO.NBDO.FO. During
the course of this study we determined that when free probe
concentrations exceeded 1 mM, fluorescence self-absorbance
phenomena became significant, which was particularly true with
studies involving FO. The experimental protocol was designed to
result in a final probe concentration of # 1 mM to avoid these
effects. However, as shown in Fig. 3, 1 mM is below the saturating
concentration for FO, which was not a problem because initial
binding of FO was at 70 mM and the 1 mM concentration was
reached only after lowering the incubation temperature to ' 2°C
in an ice bath. At this temperature, dissociation of bound
ouabain and derivatives is very slow and should have been
minimal during the course of the fluorescence readings. How-
ever, as noted above, nonspecific quench effects were also
greater and more variable when FO was the acceptor. Taking
these limitations into account, we present in this paper only the
data obtained by using NBDO as the acceptor; however, the
same qualitative conclusions could be drawn from the FO data.

The results of our measurements are summarized in Table 2.
The first data column in the table shows the energy transfer
efficiency measured in 10 experiments with purified Na1,K1-
ATPase and 19 experiments with salt gland microsomes. Energy

Fig. 3. Effects of varied concentrations of ouabain and ouabain derivatives
on PNPPase activity. Purified Na1,K1-ATPase was incubated at 20 mgyml with
varied concentrations of ouabain, AO, FO, and NBDO for 30 min at room
temperature, and the PNPPase activity was measured as described in Methods.
The data were fitted to a sigmoidal dose-response curve by using PRIZM 2.01

(GraphPad, San Diego). The fitted parameters and symbols are: E 5 ouabain,
EC50 5 6.4 nM; F 5 AO, EC50 5 64 nM; h 5 NBDO, EC50 5 210 nM; ■ 5 FO,
EC50 5 860 nM.

Table 2. Energy transfer measurements and calculated values

Samples* Quench (E) P values† Separation, Å % Monomers‡

Turnover,
min21§

Purified ATPase (10) 0.6260 6 0.0315 49.6 6 1.1 0 9,690 6 340
Microsomes (19) 0.2822 6 0.0287 ,0.0001 63.1 6 1.2 53.3 6 4.6 9,473 6 397
Microsomes, no phalloidin (10) 0.3378 6 0.0338 60.4 6 1.1 47.6 6 5.4 9,476 6 420
Microsomes 1 phalloidin (9) 0.2202 6 0.0397 0.0183 66.7 6 2.1 61.6 6 6.3 9,470 6 363

*Numbers in parentheses are number of FRET experiments. Values given in the table are the means 6 standard error of the mean.
†The P values were determined by using an unpaired, one-tailed t-test.
‡% Monomers were determined by assuming the purified ATPase was 100% dimer and dividing the energy transfer efficiency (E) of the microsomes by E (0.626)
of the purified ATPase.

§Turnover values for purified ATPase are the mean 6 SD from ref. 16. Turnover values for microsomes are the mean 6 SD from three experiments 6 phalloidin.
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transfer in the purified preparation is much greater than that in
microsomes. We also have broken down the microsome exper-
iments into those prepared in the absence and presence of
phalloidin. Microsomes that were prepared in the presence of
phalloidin showed a significantly lower efficiency of energy
transfer. Microsomes that were prepared in the absence of
phalloidin and subsequently were incubated with phalloidin
during the FRET experiments had the same energy transfer
efficiency as microsomes without phalloidin (not shown).

Discussion
The major finding of this study is that fluorescence of AO bound
to a fraction of ab protomers is quenched more by NBDO or FO
bound to the rest of the ab protomers in purified membrane
preparations than it is in the microsomes from which they are
derived. The results can be interpreted in either of two ways:
either the average distance between ab protomers is greater in
the microsomes than in the purified membranes, or the micro-
somes contain a population of ab protomers packed as closely
as they are in purified preparations and another population of
protomers that are so far apart that fluorescence resonance
energy transfer is not possible, i.e., monomers.

We calculated the average separation between ouabain de-
rivatives bound to ab protomers by means of the Förster
relation, which assumes that differences in energy transfer
reflect differences in the separation of the probes. Because the
measurements were made with the same probes in the purified
membranes and in the microsomes, and because the Na1, K1

pumps were the same in the two preparations, we reckoned that
orientation differences would not occur. We were interested only
in the relative distances between protomers, so we used a value
for Ro (54 Å) in the Förster relationship for the pair AO and
NBDO and 45 Å for the pair AO and fluorescein mercuric
acetate given by Fortes and coworkers (18, 19) rather than
calculate them ourselves. These results are collected in the fourth
column of Table 2. Using the AO-NBDO pair we obtained a
value of 50 Å for the average distance between protomers in
purified membranes, about the same as others have reported for
this measurement (20). The average separation in microsomes is
63 Å, about 13 Å greater. Because the radius of an ab protomer
is 25 Å, and because the average separation in purified mem-
branes calculated from the quench data is 50 Å, most protomers
in purified membranes must exist as diprotomers. The average
separation in microsomes is 63 Å so that the separation between
protomers could in all cases be 63 Å or could vary between 50
Å and a much larger value as long as the average separation is
63 Å. Dimer structure requires a fixed protomer separation,
because the distance between protomers in the two preparations
varies; diprotomers in the purified preparation must result from
casual association in a crowded environment rather then from
stable, fixed structural contacts.

Perhaps a more realistic view is that ab protomers in the
microsomes are a mixture of a population packed as closely as
the diprotomers in purified membranes and a population of
monomers. We assumed that all ab protomers in the purified
preparations exist as diprotomers (which is supported by the
separation data) and used the average quench of the purified
membranes (0.626) as the value for the quench of a diprotomer
pair. We then divided the quench measured in the microsomes
by this value to determine the percentage of protomers that
must be diprotomers in microsomes to produce the observed
quench. The remainder of the protomers in the microsomes
must be monomers. The monomer compositions are given in
the fifth column of Table 2. We calculated that monomers must
make up 53% of the total number of protomers in microsomes.
Similar results were obtained by using the AO-FO pair.

In either case, protomers in the microsomes must be mostly
monomers. Although the protomers in purified membranes are

close enough to be dimers, there is no reason to conclude from
these studies that they are, in fact, structural or functional
dimers.

In microsomes prepared with phalloidin, ab protomers are
either farther apart than in the untreated microsomes, or the
fraction of ab protomers that are monomers is greater in the
treated microsomes. This is the prediction from our hypothesis
that protomers tend to be monomers in microsomes because they
are prevented from aggregating by their association with the
actin-based cytoskeleton. But the observation that protomers in
microsomes are largely monomeric does not depend on whether
or not the hypothesis is credible. Calculations using KA 5 5 3 105

M21 for self-association of a chains obtained with detergent
solubilized preparations lead to the conclusion that 97% of the
protomers in purified membranes must be present as dipro-
tomers (5). Using the same value for KA, we calculated that if ab
protomers in microsomes are free to diffuse, then 94% should
form diprotomers. The apparent KA for self-association of a
chains in a membrane is likely to be higher than the KA found in
detergent solutions because, within the membrane, protomers
are subject to molecular crowding, reduction of diffusional
motion to two dimensions, limitation of rotation to a single axis,
etc. If attachment of ab protomers to the cytoskeleton is not
responsible for keeping them apart, some other mechanism must
be found.

The last column in Table 2 gives the turnover rate for the
hydrolysis of ATP in the various preparations. The turnover rate
is identical in the purified membranes and the microsomal
preparations. When ab protomers are close enough to form
diprotomers, there is no significant effect on the turnover rate.
The reaction mechanism does not require protomer interaction,
nor is it altered when protomers are closely packed.

These results are not unprecedented. Studies with detergent
solubilized purified membranes in which solubilized enzyme
was quantitatively cross-linked showed that both ab protomers
and diprotomers are able to hydrolyze ATP (1). Analytical
centrifugation of detergent-solubilized enzyme found that
ATPase activity migrated with the mobility of an ab protomer
(2). The specific activity of the ab protomers was the same as
the specific activity of protomers in the membrane preparation
from which they were derived, in which protomers presumably
are closely packed. In a subsequent study (3), it was found that
solubilized monomers are capable of occluding Rb and Na. In
an active enzyme chromatography study (5), ATPase activity
migrated with both ab monomers and (ab)2 diprotomers. The
specific activity was the same for both the monomers and
dimers. Finally, an active enzyme centrifugation study (4)
showed that ATPase activity migrated with ab protomers. The
studies with solubilized enzyme are entirely consistent with
ours using natural membranes in which the turnover rate is the
same in purified membranes in which ab protomers are closely
crowded and in microsomes in which closely packed protomers
and monomeric protomers coexist.

Most studies of the oligomeric state of ab protomers in
natural membranes have been performed with purified mem-
brane preparations, and, as expected, have shown that ab
protomers in such preparations are closely crowded. Human
red blood cells contain about 500 ab protomers per cell, or
about 3 mm22, and about 1.2 3 106 copies of the anion
transporter, band 3, or about 7,800 mm22. Cu and ortho-
phenanthroline cross-link a chains in purified membrane
preparations in a conformationally dependent manner (21).
We found that, in red cell membranes, Cu and orthophenan-
throline cross-link a chains to band 3 but not to a chains in a
conformationally dependent fashion (22). Similar results were
obtained with another cross-linking reagent, bis-(4-f luoro-3-
nitrophenyl)-sulfone, which cross-links by a different chemical
mechanism. We concluded that, in purified membrane prep-
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arations, a chains are close to each other either because they
are organized as dimers, or because they are closely packed. In
red cell membranes, however, a chains are not close to each
other (i.e., are not organized as dimers), but are closer to the
predominant band 3 molecules. We mentioned a possibility
that we thought remote: that a chains are, in fact, organized
as dimers both in purified membrane preparations and in red
cell membranes, but that cross-links form only between the
portion of an a chain not involved in dimer formation and its
nearest neighbor, and not between a chains in dimers. The
experiments with FRET reported here support the interpre-
tation that ab protomers are not organized as dimers in red
cell membranes.

Monomeric ab protomers, therefore, are capable of carrying
out the entire reaction mechanism of the Na1,K1 pump includ-
ing cation transport. Because monomeric protomers have the
same turnover rate as closely packed ab protomers, dimeriza-
tion, if it occurs, makes no notable change in the overall reaction
mechanism. However, interaction of ab protomers in a closely
packed environment may in some way modify a property of the
enzyme. Many such effects have been described but rarely with
any independent evidence that protomer interaction is involved.
Functional evidence for oligomerization in the absence of phys-

ical evidence is at best uncertain. In one case, however, an effect
of protein interaction has been credibly shown. Scatchard plots
of the level of ATP or ADP binding to ab protomers are
curvilinear in the presence of K1, but are converted to linear
when most of the protomers are inhibited by ouabain (23). This
is strong evidence of cooperativity between protomers. Physical
evidence supported this conclusion; detergent solubilization of
the enzyme converted the nonlinear plot to a linear one (24). The
protomer interaction changed the dissociation constant for
nucleotides, which is less than 1 mM, by less than 2-fold. It is
inconceivable that such a small difference could have a signif-
icant effect on the reaction mechanism.

ab protomers of the Na1,K1 ATPase must exist in natural
membranes as a mixture of diprotomers and monomers and
the conclusion that subunit interaction has no significant
role in the reaction mechanism of the Na1,K1 pump is
inescapable. In natural membranes, ab protomers probably
are prevented from aggregating by their connection to the
actin cytoskeleton.
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